Deregulation ot the G1/S-phase transition
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Budding yeast cells produce a finite number of daughter cells before they die. Why old yeast cells stop dividing and
die is unclear. We found that age-induced accumulation of the G1/S-phase inhibitor Whi5 and defects in G1/S cyclin
transcription cause cell cycle delays and genomic instability that result in cell death. We further identified extra-

chromosomal rDNA (ribosomal DNA) circles (ERCs) to cause the G1/S cyclin expression defect in old cells. Spon-
taneous segregation of Whi5 and ERCs into daughter cells rejuvenates old mothers, but daughters that inherit these
aging factors die rapidly. Our results identify deregulation of the G1/S-phase transition as the proximal cause of age-

induced proliferation decline and cell death in budding yeast.
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Aging affects most organisms and causes functional dete-
rioration and an increased probability of death over time.
Model organisms such as budding yeast have been in-
strumental in identifying conserved environmental and
genetic modulators of aging. Budding yeast cells undergo
a limited number of increasingly long cell divisions before
they cease to divide and die (Mortimer and Johnston
1959; Kaeberlein 2010). Daughter cells are born with full
replicative potential, whereas mother cells age. However,
daughters of very old mother cells have a reduced life span
and divide slower than daughters of young mothers (Egil-
mez and Jazwinski 1989; Kennedy et al. 1994), indicating
that age can be segregated to the daughter cells. This ob-
servation has led to the proposal that aging factors accu-
mulate in old mother cells with each division, causing
functional deterioration that ultimately leads to cell cycle
arrest and cell lysis.

Several aging factors have been identified in budding
yeast. Alterations in mitochondrial structure and func-
tion are observed in aged yeast cells and are inherited
asymmetrically between mother and daughter cells
(Hughes and Gottschling 2012). Damaged mitochondria
have been proposed to contribute to cellular aging by pro-
ducing reactive oxygen species (ROS), which can damage
both proteins and DNA (Seo et al. 2010). Old nuclear
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pores and protein aggregates containing oxidized proteins
also accumulate in aged cells and have been implicated in
aging (Aguilaniu et al. 2003; Erjavec et al. 2007; Shche-
prova et al. 2008).

The first factor proposed to cause aging in budding yeast
was extrachromosomal rDNA (ribosomal DNA] circles
(ERCs) (Sinclair and Guarente 1997). ERCs are generated
through recombination events within the repetitive
rDNA locus (Kobayashi et al. 1998). The number of
ERCs increases with age because they contain a replica-
tion origin and lack centromeres and hence are retained
in the mother cell (Sinclair and Guarente 1997; Shche-
prova et al. 2008). ERCs were identified as a source of rep-
licative aging in budding yeast because mutations that
influence the rate of ERC formation affect life span (Sin-
clair and Guarente 1997; Defossez et al. 1999; Shcheprova
et al. 2008). For example, cells lacking the gene encoding
the rDNA localized replication fork barrier protein Fobl
form ERCs at a lower rate and have an increased replica-
tive life span (Defossez et al. 1999). How accumulation
of ERCs affects replicative aging is not clear.

Here we characterize the final cell divisions leading up
to cell death in budding yeast. We found that deregulation
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of the G1/S-phase transition is a major cause of cell cycle
defects observed in old cells. Age-induced accumulation
of the cell cycle entry inhibitor Whi5 and defects in
G1/S cyclin transcription cause cell cycle delays and ge-
nomic instability that ultimately result in cell death.
We further identified ERCs as the cause of the G1/S cyclin
gene expression defects in old cells. Remarkably, when ex-
cess Whi5 and ERCs are spontaneously segregated into
daughter cells during mitosis, mother cells are rejuvenat-
ed, but the daughters that inherit these aging factors die
rapidly. Our results identify misregulation of the G1/S-
phase transition as the proximal cause of age-induced pro-
liferation decline and cell death. Defects in G1/S control
are also a characteristic of senescent mammalian cells,
raising the interesting possibility that the ultimate causes
of aging are conserved across eukaryotes.

Results

G1 cyclin expression is deregulated in cell divisions
leading up to cell death

To determine how aging affects cell cycle progression, we
performed whole life span imaging (Zhang et al. 2012)
using Whi5 localization as an identifier of cell cycle
stage. Whi5, the functional equivalent of the retinoblasto-
ma (Rb) protein in mammals, represses transcription of
G1/S-phase genes and resides in the nucleus during G1
and in the cytoplasm during other stages of the cell cycle
(Costanzo et al. 2004; de Bruin et al. 2004). Analysis of
Whi5 localization revealed that during the last cell divi-
sion, both G1 and the combined duration of S, G2, and
M phase were extended. Furthermore, the cell cycle stage
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in which cells finally arrested was variable. Out of 40
cells, 22 arrested as unbudded cells with Whi5 in the nu-
cleus (G1). Eighteen cells lysed either shortly after Whi5
export from the nucleus or after an extended arrest in later
cell cycle stages (Supplemental Fig. S1A,B).

Nuclear export of Whi5 allows for the rapid induction of
genes required for cell cycle entry, DNA replication, and
budding (Spellman et al. 1998). Interestingly, the time be-
tween complete Whi5 nuclear export and bud formation
was extended in old cells (Supplemental Fig. S1C), point-
ing toward inefficient induction of the G1/S-phase gene
cluster. To assess induction of G1/S-phase genes directly,
we quantified expression of a destabilized form of GFP
driven by the G1 cyclin CLN2 promoter (CLN2pr-GFP)
(Mateus and Avery 2000). Induction of the CLN2 promot-
er, measured after complete export of Whi5 from the nu-
cleus, became less efficient as cells approached death
(Fig. 1A-C,E; Supplemental Fig. S2A,B; Supplemental
Movie S1) and was nearly undetectable in 65% of final
cell divisions (Supplemental Fig. S2C). Importantly, de-
creased CLN2 promoter activity correlated with increased
cell cycle duration: Cells with low CLN2 promoter activ-
ity spent seven times longer in G1 and took 1.9 times lon-
ger to pass through S, G2, and M phase, and the period
between Whi5 nuclear export and bud emergence was in-
creased 1.3-fold (Fig. 1D; Supplemental Fig. SID-F). We
conclude that old cells experience CLN2 promoter induc-
tion defects that correlate with increased cell cycle dura-
tion. As defects in G1 cyclin gene transcription lead to
cell cycle delays (Nasmyth and Dirick 1991; Koch et al.
1993; Skotheim et al. 2008), our results indicate that
age-associated cell cycle delays are caused at least in
part by the failure to induce G1 cyclins.

Figure 1. Age-induced cell cycle delays correlate
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To determine whether the decrease in CLN2pr-GFP ex-
pression was caused by defects in CLN2 transcription, we
analyzed CLN2 mRNA levels by tagging CLN2 with PP7
stem-loops (PP7). In addition, we expressed PCP-GFP-
NLS, which binds to the PP7 stem-loop and forms distinct
foci when the mRNA is expressed (Hocine et al. 2013).
Because of the bright nuclear background signal in this
strain, we were not able to assess CLN2 mRNA levels in
the nucleus, but old cells produced fewer cytoplasmic
CLN2-PP7 foci than young cells (Fig. 1F,G; Supplemental
Movie S2). Tagging CLN2 mRNA with PP7 and MS2
stem-loops (Halstead et al. 2015) led to reduced nuclear
background, allowing us to analyze CLN2 mRNA levels
in the nucleus. The number of CLN2-PP7-MS2 mRNA
foci was also reduced in the divisions leading up to cell
death (Supplemental Fig. S2D; Supplemental Movie S3).
Failure to express CLN2pr-GFP in old cells is therefore
caused by defects in transcription or failed stabilization
of nuclear RNA.

The age-associated gene expression defect affects
multiple genes

CLNZ2 is part of a cluster of 120 coregulated genes that are
transcribed when cells pass through the G1/S transition.
To test whether induction of other genes of this cluster
is also impaired in aged cells, we generated fusions of a de-
stabilized GFP with the promoters of the following genes:
the G1/S cyclin CLN1, the S-phase cyclin CLB5, the gene
encoding the ssDNA-binding protein Rpa (RFA1), and the
gene encoding histone H2A (HTA1). Similar to the CLN2
promoter, the CLN1 and CLB5 promoters were induced
less efficiently in old cells (defined as divisions —6 to —4
before cell death) and very old cells (defined as the last
three complete divisions before cell death) (Fig. 2A,B; Sup-
plemental Fig. S3A B). In contrast, RFA1 promoter activi-
ty only mildly decreased in very old cells, and the HTA1
promoter remained fully active throughout the life span
of a cell (Fig. 2C,D; Supplemental Fig. S3C,D). In agree-
ment with previous observations, the activity amplitude
of the histone promoter was increased in old cells (Supple-
mental Fig. S3D; Feser et al. 2010). The age-associated
transcription defect therefore affects multiple, but not
all, genes of the G1/S regulon. The cell cycle delays that
correlate with this transcription defect are likely caused
by the combined effect of multiple misregulated genes.
In agreement with this interpretation, we found that over-
expression of CLN2 in old cells (by replacing the endoge-
nous CLN2 promoter with the HTA1 promoter) did not
increase life span (Supplemental Fig. S4).

Are transcription defects restricted to the G1/S regulon
or do old cells have a more global transcription induction
problem? Analysis of expression of CLB2, which encodes
a M-phase cyclin, revealed only minor changes in promot-
er activity in old cells (Fig. 2E; Supplemental Fig. S3E). In
contrast, induction of MET25, a metabolically regulated
gene that is activated upon removal of methionine, was
impaired in old cells (defined as cells that had produced
eight to 16 daughter cells) (Fig. 2F). We conclude that
old cells experience transcription induction defects that

G1/S transition defects in aging budding yeast
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Figure 2. Widespread transcription induction defects in old
cells. Whole life span imaging of cells expressing the indicated re-
porter constructs. (A-E) Maximal GFP induction rate was deter-
mined over a sliding window of 10 min for each division for
10 cells per analyzed strain. For statistical analysis, the data
points of young cells (all cell divisions except the last six divisions
before cell death), old cells (divisions —4 to —6 before cell death),
and very old cells (last three complete divisions before cell death)
were combined (A40278, A40279, A40276, A40277, and A40280).
(F) Cells (A39859) were grown for 2 h (young) or 24 h (old) on
microfluidic chips, and MET25-mCherry was induced by switch-
ing to methionine-free medium. Only cells that had undergone a
minimum of eight cell divisions were considered old. (*) P <0.01
(Mann-Whitney test).

affect cell cycle-regulated and metabolically regulated
genes.

Aging causes DNA damage and aneuploidy

Our data show that old cells fail to efficiently induce im-
portant cell cycle regulators at the G1/S-phase transition.
Because deregulation of G1/S-phase gene transcription
causes DNA replication defects (Koch et al. 1993; Schwob
and Nasmyth 1993), we next determined whether S phase
was affected in old cells by analyzing the localization of
the ssDNA-binding protein Rpa (Rfal-mCherry). In young
cells, Rfal-mCherry formed distinct foci in most S phases
that were typically resolved before anaphase onset. In con-
trast, Rfal-mCherry foci were frequently present in old
cells for >1 hr and often persisted into anaphase (15 out
of 20 cells during their last cell division) (Fig. 3A,B; Sup-
plemental Fig. S5A). We also analyzed the localization of
Rad52, which identifies DNA double-strand breaks under-
going repair (Lisby et al. 2001). In old cells, Rad52 foci
were frequently visible in nuclei for >20 min but were re-
solved prior to anaphase (Fig. 3C; Supplemental Fig. S5B,
C). The rDNA locus has been described to become in-
creasingly unstable with age and to be a hot spot for mitot-
ic recombination in old cells (Lindstrom et al. 2011; Hu
etal. 2014). Persistent Rfal-mCherry foci fully or partially
overlapped with the nucleolar marker Fob1-GFP in 12 out

GENES & DEVELOPMENT 1077


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.312140.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.312140.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.312140.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.312140.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.312140.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.312140.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.312140.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.312140.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.312140.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.312140.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.312140.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.312140.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.312140.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.312140.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.312140.118/-/DC1

Neurohr et al.

A B Rfal-mChen
: 0:15 0:30 045 1:.00 1
. ~ ()

2 Wl Persistent Rfa1-mCherry focus
4 -.
bl | | I I I |

IR

Di\;isions from Cell Death

g

Number of Cells
o 3

[=]

79 ]

N
o
N

(9]

Chr | mis-
segregation
10042/115 10/40

Il Rad52-mCherry focus = 20minutes

N
o

z
Spc42 O

Omin 20 40 20 80 100 : 120, 140.,

Number of Cells
o 3

% of Cells

Merge

o T"T"T—T7"7

ﬂ/b‘ fﬂ’ 519 ,’\Q’ :\Q) /\v ,’\q’ :\Q > 6 X 9 DIC Spc42-mCherry Chr I: LacO/Lacl-GFP

AR First Last
Divisions from Cell Death Division
F Il Nuclear Fragmentation G H
75
@30 L L] | S = .
3 ©-3 560 = Nuclear Fragmentation
o] o T -
© a w© R
520 £ Q@ gasy F.
8 e-2 S 3
-} = SE
£ 5 =330
510 @ aE »
z > 1 £15 T
[a} ¢ e
USRI I N Whi5-tdTomato 0 2 4 6 8 10 12 14 16
Divisions from Cell Death Cell Cycle Duration (h)

Fob1  Nupd9 Merge J bic Ndc80 _ Whi5 _ Merge
DIC

Ndc80 Cfi1 Merge

Figure 3. Persistent DNA damage and mi-
totic errors in aged cells. Whole life span
imaging of cells expressing the indicated
fluorescent proteins. (A,B) Rfal-mCherry
foci in divisions leading up to cell death.
Rfal-mCherry foci that did not resolve
within 1 h after bud formation or persisted
through anaphase were counted as persis-
tent (A39864). The arrowhead in B high-
lights a nuclear flare. (C) Rad52-mCherry
foci that persist for >20 min in divisions
leading up to cell death (A39865). (D) For-
mation of a tripolar spindle that results in
chromosome missegregation. Spindle pole
bodies were visualized using a Spc42-
mCherrry fusion, and chromosome I was
visualized using a GFP dot (LacO/Lacl-
GFP; A37624) (see the Supplemental Mate-
rial). (E) Quantification of chromosome
missegregation during the first and last
cell divisions of a yeast cell’s life. (F~-H) For-
mation of more than two nuclear compart-
ments in telophase during the cell divisions
leading up to cell death (A36566). Note that
the data shown in H are the same as in Fig-
ure 1D, except that nuclear fragmentations
are highlighted here. (I) Nuclear fragmenta-
tion in cells expressing Nup49-mCherry
and Fob1-GFP (A34453). The bright shading
in the green channel is caused by autofluor-
escence of the medium. The arrowhead
highlights a nuclear flare. (/) Nuclear frag-
mentation in a cell expressing Ndc80-GFP
and Whi5-tdTomato (A40283). (K) Nuclear
fragmentation in a cell expressing Ndc80-
GFP and Cfil-tdTomato (A40284).

of 40 cells (Supplemental Fig. S5D). We conclude that old gation defect that we frequently observed was that the en-
cells experience replication defects that result in in- tire nucleus segregated into the bud (five out of 10 cells).
creased DNA damage and high levels of ssDNA that per- Segregation of the entire nucleus into the daughter cell
sist into mitosis. TDNA appears to be a site of DNA was usually preceded by a prolonged metaphase arrest,
damage in old cells. during which the spindle was pulled into the daughter
Like S-phase progression, mitosis was also severely im- cell. We conclude that persistent DNA damage and loss
paired in old cells. Analysis of chromosome segregation of whole chromosomes cause death in old cells.
using the LacO/Lacl system to mark chromosome I with Our live-cell analysis revealed another striking defect in
a GFP dot (see the Supplemental Material) revealed that old cells. Nuclei frequently fragmented during the ana-
old cells missegregated chromosomes at a high frequency. phase preceding cell death (19 out of 32 cells) (Fig. 3F,G).
During the last division before cell death, 10 out of 40 old These nuclear fragmentation events were largely restrict-
cells missegregated chromosome I compared with two out ed to cells with low CLN2 promoter activity (Fig. 3H),
of 105 young cells (Fig. 3D,E). We observed two types of suggesting that they could be the result of cell cycle dereg-
segregation errors. Some cells underwent a multipolar mi- ulation. To characterize nuclear fragmentation further,
tosis (seven out of 40 cells in last division before cell we imaged cells that expressed the nuclear pore compo-
death) (Supplemental Fig. S5E), which was the cause for nent Nup49 fused to mCherry. Nuclear fragmentation
chromosome missegregation in three out of 10 cells. was always preceded by the formation of large nuclear
Most of these spindles (six out of seven) contained three flares (Fig. 3B,I, arrowheads point to nuclear flares). Such
spindle poles and formed without prior spindle pole segre- structures form during prolonged metaphases brought
gation errors. This observation indicates that cells dupli- about by DNA damage or mitotic spindle defects and
cate either one of their spindle poles twice or one of the are known to contain rtDNA (Witkin et al. 2012). Imaging
spindle pole fragments. The other chromosome missegre- of Fob1-GFP, which binds to rDNA, revealed that, indeed,
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all nuclear fragments contained rDNA (14 out of 14 nucle-
ar fragmentation events) (Fig. 3I).

To determine whether nuclear fragmentation contrib-
utes to increased chromosome missegregation in old cells,
we examined whether nuclear fragments contained chro-
mosomes by analyzing the localization of the kinetochore
component Ndc80 fused to GFP. In 31 observed nuclear
fragmentation events, Ndc80-GFP localized to only two
nuclear compartments (Fig. 3], K), demonstrating that nu-
clear fragmentation does not contribute to the increased
chromosome missegregation that occurs in old cells.
The nuclear fragment lacking Ndc80 signal was typically
segregated into the daughter cell (25 out of 31) and con-
tained the rDNA-binding protein Cfil (Fig. 3],K). Old cells
accumulate ERCs that lack centromeres (Sinclair and
Guarente 1997). We speculate that ERCs can get separated
from the main chromosome mass during prolonged meta-
phase arrests due to nuclear flare formation. This spatial
separation could then promote fragmentation of the nu-
cleus during anaphase, generating nuclear fragments con-
taining ERCs but not chromosomes.

Spontaneous rejuvenation of mother cells at the expense
of their daughters

Our results show that aging causes cell cycle defects, ge-
nomic instability, and nuclear fragmentation. What caus-
es old cells to divide at a slowed pace and with decreased
fidelity? Insight into this question came from the analysis
of old cells that spontaneously reactivated CLN2. We
observed that 13 out of 46 cells that had lost the ability
to express the CLN2pr-GFP fusion due to old age sponta-
neously reactivated the promoter (Fig. 4A-D [M2 cell in
CJ; Supplemental Movie S4). Reactivation was also ob-
served in old cells expressing the CLN2-PP7-MS2-tagged
mRNA (13 out of 33 cells) (Fig. 4B; Supplemental Movie
S5) and cells expressing CLN1pr-GFP and CLB5pr-GFP
(data not shown). Importantly, the ability to reactivate
the CLN2 promoter was associated with accelerated entry
and progression through the cell cycle (Fig. 4A,E,F). Here,
we refer to the mitosis that precedes CLN2 reactivation
and resumption of rapid cell division in old mother cells
as the “rejuvenating mitosis.”

Remarkably, the fates of old mother cells and their
daughters were reversed when CLN2 was spontaneously
reactivated in old mother cells (M2 cell in Fig. 4C). Daugh-
ter cells generated during rejuvenating mitoses (D2 cell in
Fig. 4C) either did not enter the next cell cycle or did so
with reduced CLN2 promoter activity and significant de-
lay (Fig. 4G,H). Subsequent cell cycle stages were also
greatly extended (Fig. 4I). Importantly, old cells that reac-
tivated CLN2 lived longer than old cells that did not reac-
tivate CLN2 (Fig. 4]). In contrast, D2 daughter cells
produced during the rejuvenating mitosis either stopped
dividing immediately or went through a few exceedingly
slow cell divisions before they too stopped dividing (Fig.
4K). These observations demonstrate that aging factors ac-
cumulate in mother cells during their replicative life
spans, where they cause CLN2 promoter inactivation
and cell cycle defects. Spontaneous segregation of these

G1/S transition defects in aging budding yeast

A B CLN2pr Reactivation?
2607 . CLN2p-GFP CLNZor | MNo M Yes
= pr 507 13/46
& .‘?240 -G Reactivation:
[7]
B ‘ o 40 13/33
L8 2
§"§ 220 8 30
-
3 2 200 20
E H
180 10
0 10 20 30 40 5 O
t (h) GFP  mRNA
Mother Daughter Emo Mother 200 Mother 35001 Mother
G1 £ i £3%
g 80 <150
| | S 60 § =200
& § 100 5150
[T) 3
s £ 2 2ol S
ey ) ~ ® 50
rejuvenating} \‘keeps 3 o o ? ol r
mitosis dividing M1 M2 M1 M2 M1 M2

@ 60 Daughter 3001 Daughter Eeool Daughter
K £ 200 £ 300 ’
| £ £ 200 £250
o - S
| E 40 £ 150 g 200:
s o . = 5 150
5 £ 100 a
/ g 20 H N =100
I 5 501 ¢ & 50
keeps dividing dies 2 o o — @ 0
CLN2pr-GFP Whis-tdTomato © D1 D2 D1 D2 D1 D2
J Mother Cells 15 Daughter Cells
. - D1
P = D2
°
O 10
-
S
=
H 2
o ) E S
S0 — not rejuvenated §
= rejuvenated
[« 0+
0 10 20 3 0 2 4 6 8

Generations Observed Divisions

Figure 4. Spontaneous reversal of life span in old mother cells
and their daughters. (A) CLN2pr-GFP activity during a yeast cell’s
life span. CLN2pr-GFP reactivation is indicated by a dashed line
(A36566). (B) The number of cells reactivating CLN2pr-GFP
(A36566) or CLN2-PP7-MS2 mRNA (A39860) (see the Supple-
mental Material). (C) Diagram depicting CLN2pr activity and
cell fate before and after the rejuvenating mitosis. The mother
cell undergoing the rejuvenating mitosis is called M1 and then
M2 once the rejuvenating mitosis is completed. The daughter
cell produced prior to the rejuvenating mitosis is called D1, and
the daughter produced by the rejuvenating mitosis is called D2.
(D-I) CLN2pr-GFP amplitude and G1 (Whi5 nuclear) and S/G2/
M (Whi5 cytoplasmic) duration in the M1 and M2 mother (D-F)
and D1 and D2 daughter (G-I; A36566) cells. Points on the left
side of graphs F-I that are not connected by a line have no corre-
sponding data point on the right side because the cells perma-
nently arrested. (/) The life spans of mother cells that do not
undergo CLN2pr-GFP reactivation (n = 48) and mother cells that
reactivate CLN2pr-GFP (n = 15). (K) The observed number of divi-
sions of D1 and D2 daughter cells before they lyse or are washed
away. n = 15. n is low because CLN2pr-GFP reactivation is a rare
event.

aging factors to daughter cells rejuvenates senescent
mother cells but causes rapid replicative aging in these
daughters.

Whi5 accumulation causes G1 delays in old cells

What are the heritable factors that cause increased cell
cycle duration in aging cells? We found that Whi5 accu-
mulated to high levels in old cells (Fig. 5A; Supplemental
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Figure 5. Whi5 accumulates in old mother cells. (A-C) Whi5-
tdTomato signal was measured in mother and daughter cells im-
mediately after Whi5 nuclear import during whole life span imag-
ing. Cells that died prior to Whi5 accumulation (total Whi5 signal
intensity did not reach 500; two out of 20 cells) were excluded
from this analysis (A36566). n = 18. (A) Total Whi5-tdTomato in-
tensity (mean + SEM). (*) P < 0.05 (Wilcoxon matched pairs signed
rank test). (B) Fraction of total Whi5-tdTomato partitioned into
the mother cell (mean + SEM). (C) Increases in total Whi5-tdTo-
mato signal between two consecutive G1 phases plotted against
the corresponding cell cycle duration (budding interval).
(D) Whi5-tdTomato mean intensity in cells arrested in S phase
with 200 mM hydroxyurea. Measurements were started when
Whi5-tdTomato nuclear export was complete (A3524; mean +
SD). n1=202.

Fig. S6A). This was not a consequence of increasing auto-
fluorescence during aging (Supplemental Fig. S6B). In-
stead, as cells aged, Whi5 was preferentially retained in
mother cells during cell division (Fig. 5A,B). In addition,
Whi5-tdTomato accumulation correlated with cell cycle
duration (Fig. 5C), suggesting that the Whi5 synthesis
rate increases during prolonged cell cycles. Indeed, arrest-
ing young cells in early S phase with hydroxyurea led to
an increase in Whi5 concentration (Fig. 5D). Because
cell cycles become increasingly longer with age, we pro-
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pose that slow progression through the cell cycle drives
Whi5 accumulation in old cells. Preferential retention
of Whi5 in the mother cell nucleus accelerates this pro-
cess. Mathematical simulation of Whi5 accumulation us-
ing the parameters determined in Figure 5, B and C,
indicates that increased Whi5 synthesis during prolonged
cell cycles is primarily responsible for Whi5 accumula-
tion in old cells (Supplemental Fig. S6C; see the Supple-
mental Material).

Interestingly, Whi5 levels appeared to determine G1
length in old cells. Whi5 transmission into the daughter
cell during rejuvenating mitoses invariably preceded
CLN? reactivation and faster cell cycles in old mother
cells (Fig. 6A-E). To directly test whether high levels of
Whi5 were responsible for age-induced cell cycle defects,
we fused Whi5-tdTomato to an auxin-inducible degron
(AID) (Nishimura et al. 2009) and expressed the fusion
from the strong constitutive ADH1 promoter. The fusion
was functional, and addition of auxin led to rapid deple-
tion of Whi5 (Fig. 6F; Supplemental Fig. S7A,B). Deple-
tion of Whi5 from old cells shortened the duration of
G1 but did not restore CLN2pr-GFP expression (Fig. 6G,
H; Supplemental Fig. S7TC-E). These data demonstrate
that Whib5 is an aging factor that accumulates in old cells
and that Whi5 accumulation contributes to the age-asso-
ciated G1 delay. Consistent with this conclusion is the ob-
servation that deletion of WHI5 extends life span (Yang
et al. 2011). Our data also show that Whi5-independent
mechanisms interfere with CLN2 promoter activation in

old cells.

ERCs interfere with G1 cyclin transcription

We next sought to identify aging factors that contribute to
the age-induced CLN2 transcription defect. ERCs accu-
mulate in old cells and have been proposed to be aging fac-
tors (Sinclair and Guarente 1997). To determine whether
ERC accumulation correlated with CLN2 promoter inacti-
vation, we imaged cells that expressed Cfil (also known as
Netl)fused to mCherry. Chromatin immunoprecipitation
(ChIP) followed by sequencing (ChIP-seq) analysis of Cfil
confirmed that Cfil binds exclusively to the rDNA (99%

Figure 6. Accumulation of Whi5 causesa G1 delayin
old cells. (A) Whi5-tdTomato (in G1)in an aging moth-
er cell before (left) and after (right) a rejuvenating mito-
sis. The M1 mother cell retained most of Whi5,
and the M2 mother cell has segregated Whi5 into the
daughter cell. (B-E) Whi5-tdTomato intensity (B,C)
and CLN2pr-GFP amplitude (D,E) in M1 and M2
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were aged. Whi5 and CLN2pr-GFP expression as well
as G1 duration were analyzed in young cells (first divi-
sion) and old cells before and after auxin addition
(A39866 and A39867). (Mean I) Mean intensity.
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of reads allocated to a peak) and repetitive DNA adjacent
to the rDNA (1% of reads) (X Zhou, pers. comm.). Even
though we cannot exclude the possibility that Cfil binds
to other DNA regions in aged cells or that it forms protein
aggregates that are not bound to DNA at all, we assume
that the Cfil signal correlates with the number of tDNA
repeats, including ERCs. Indeed, both Cfil levels and
rDNA copy number dramatically increased during aging
(Fig. 7A; Supplemental Fig. S8A). Consistent with Cfil
binding to ERCs, which are retained in mother cells, Cfil
segregation is highly asymmetric, and the majority of the
Cfil signal was retained in old mother cells during cell
division (Fig. 7A, graph and left image). However, in
some old mother cells, Cfil partitioned into the bud during
anaphase (Fig. 7A, right image), indicating rare occasions
where the majority of accumulated ERCs is inherited by
daughter cells. This property of ERC inheritance allowed
us to investigate whether ERC accumulation affects
CLNZ2 expression. By simultaneously analyzing Cfil local-
ization and CLN2pr-GFP expression, we observed that ev-
ery old cell that reactivated the CLN2pr-GFP fusion had
partitioned ERCs into the daughter cell during the rejuve-
nating mitosis (Fig. 7B-E; Supplemental Fig. S8B; Supple-
mental Movie S6).

To directly test whether accumulation of ERCs inhibits
CLNZ2 transcription, we analyzed CLN2pr-GFP induction
during aging in a mutant that accumulates fewer ERCs.
fob1A mutant cells generate ERCs at a slower rate and
have an extended life span (Supplemental Fig. S8C; Defos-
sez et al. 1999). Consistent with this extended life span,
fobl1A mutants inactivated the CLN2 promoter at an older
age than wild-type cells (Fig. 7F). In fact, the majority of
cells died without ever inactivating the CLN2 promoter
(16 out of 23 in fob1A mutants vs. eight out of 27 in wild
type). Importantly, ERC-mediated inhibition of CLN2 ex-
pression contributed to the cell cycle defects observed in
old cells. Onset of the age-associated increase in cell cycle

G1/S transition defects in aging budding yeast

duration occurred later in fobIA mutants than in wild-
type cells (Supplemental Fig. S8D; Zhang et al. 2012). Fur-
thermore, nuclear fragmentation and Whi5 accumulation
were delayed in fob1A mutants (Fig. 7G,H). We conclude
that ERCs promote age-induced cell cycle defects and
eventual cell death at least in part by interfering with tran-
scription of CLN2 and other G1/S-phase genes.

Discussion

Many modulators of budding yeast replicative aging have
been identified over the last two decades, yet an under-
standing of the events that lead to permanent cell cycle ar-
rest and cell death has been missing. We identified aging
factors that accumulate in mother cells during replicative
aging and interfere with cell proliferation. Whi5 accumu-
lates to high levels in old cells, leading to prolonged G1
duration. ERC accumulation interferes with the expres-
sion of G1/S-phase genes. While ERCs had been implicat-
ed in regulating life span 20 yr ago (Sinclair and Guarente
1997), this is the first demonstration of a direct link be-
tween ERC accumulation and cell cycle control.

Gene expression defects accompany old age

We found that old cells have difficulties expressing the cy-
clins CLN1, CLN2, and CLB5. This defect is mediated by
Whi5-dependent and Whi5-independent mechanisms.
Whi5 accumulates in old cells and delays activation of
G1 cyclins by inhibiting the transcription factor complex
Swi4/6, also known as SBF. However, even after Whi5 is
exported from the nucleus, expression of CLNI1 and
CLNZ2 is delayed in old cells, indicating that even after
Whi5 repression of transcription is relieved, other age-in-
duced changes prevent full activation of G1 cyclin expres-
sion. Because all GFP reporter constructs used to examine

A B Cc D E Figure 7. ERCs inhibit the G1/S-phase transition
8257, €207 Mother 37 Daughter ~ §150) Mother 150, Daughter by repressing G1 cyclin expression. (A) Total Cfil-
Z20 = /o Z mCherry signal in aging mother cells (A39862). n =
S 5wy ) s Eroo 100 15. The inset shows an M1 mother cell that retained
§1 o] TErmChey E"-O' E \\\ ERCs and an M2 mother cell that segregated ERCs
205 20.51 5.50 % 5o N into the daughter cell. (B-E) Cfil-mCherry signal
P S - . 3, . (B,C) and CLN2pr-GFP amplitude (D,E) in M1 and
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threshold corresponds to the average signal plus
two standard deviations of values measuredinyoung
cells (A36567 and A39863). (I) A model for age-in-
duced cell cycle defects. See the text for details.
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gene expression share the same GFP ORF and the same
3’ untranslated region and are integrated at the same locus
(except for CLB5pr-GFP and CLB2pr-GFP), defects in
CLN1, CLN2, and CLB5 mRNA expression must result
from defective transcription initiation and/or impaired
5 RNA cap formation that results in reduced RNA stabil-
ity. Our data indicate that the accumulation of ERCs is ul-
timately responsible for inhibiting CLNI, CLN2, and
CLB5 expression, but the molecular mechanism by which
this occurs awaits identification.

Prior reports provide evidence that expression of
G1/S-phase regulon members beyond CLN1, CLN2, and
CLB5 is affected by old age. Levels of the DNA damage re-
pair protein Rad51 or the cohesin subunit Mecdl/Sccl
decline with age (Pal et al. 2018). Failure to express multi-
ple genes at the G1/S transition is expected to have severe
consequences for multiple aspects of cell cycle progres-
sion, leading to pleiotropic phenotypes. Deletion of the
Gl cyclins CLN1 and CLN2, for example, leads to a
lengthening of G1 and stochastic cell cycle arrest (Sko-
theim et al. 2008). Deletion of the S-phase cyclin CLBS
slows down DNA replication (Schwob and Nasmyth
1993), and the failure to produce Rad51 and the cohesin
subunit Mcd1/Sccl impairs DNA damage repair and sis-
ter chromatid cohesion, respectively (Pal et al. 2018).
These phenotypes—increased G1 duration, persistent
DNA damage, and chromosome missegregation—are
characteristics of old cells and correlate with impaired
gene expression. The fact that old cells exhibit multiple
age-associated cell cycle errors indicates that they are
not caused by misregulation of an individual gene but
rather are due to deregulation of multiple genes that leads
to a system-wide breakdown of cell division. Consistent
with this conclusion is the observation that overexpres-
sion of CLN2 from the histone HTA1 promoter does not
increase life span.

The mechanisms that interfere with G1/S-phase gene
expression after Whi5 export from the nucleus in old cells
and how ERCs contribute to this aging phenotype remain
to be determined. Global changes in histone occupancy,
chromatin modifications, and transcriptional regulation
have been described in senescent yeast and mammalian
cells (Narita et al. 2003; Dang et al. 2009; Hu et al. 2014;
Li et al. 2017). However, the fact that not all promoters
are affected equally by age excludes the possibility that
an essential component of the general transcription ma-
chinery becomes nonfunctional in old cells. Regulators
of transcription that control expression of a subset of genes
such as general transcription-associated factors (TAFs) and
gene-specific transcription factors could be affected by
ERC accumulation. ERCs, which can reach levels equiva-
lent to the size of a yeast genome in old cells, could seques-
ter TAFs, chromatin modifiers, and/or transcription
factors required for G1/S gene expression. Transcription
of genes of the G1/S regulon depends on either the SBF
(consisting of Swi6 and Swi4) or MBF (consisting of Swi6
and Mbp1) (Wittenberg and Reed 2005). One obvious pos-
sibility is that ERCs sequester MBF and SBF because
each rDNA repeat contains multiple putative MBF-bind-
ing sites (nine; ACGCGN) and SBF-binding sites (two;
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CRCGAAA), and MBF was shown to bind the rDNA
(Iyer et al. 2001). We tried to address this possibility by per-
forming aging analyses in strains overexpressing SWI6,
SWI4, and MBP1. However, constitutive overexpression
of SWI4 was toxic, and a multicopy plasmid containing
all three genes was rapidly lost from cells (data not shown).
ERCs may also affect G1/S-phase gene expression indi-
rectly; for example, by altering nuclear organization.
ERCs bind to nuclear pores and cause their clustering on
one side of the nucleus (Denoth-Lippuner et al. 2014).
Binding of the CLNZ2 locus to nuclear pores represses
CLN2 promoter activity (Kumar et al. 2018). ERC binding
to nuclear pores could potentially stabilize this interac-
tion. Another possibility is that high levels of RNA poly-
merase I (Pol I) and Pol II transcripts produced from ERCs
sequester RNA processing enzymes and destabilize CLN2
and other mRNAs. However, depletion of the RNA Pol I
activator Rrn9 did not lead to reactivation of the CLN2
promoter (GE Neurohr, unpubl.), arguing against this pos-
sibility. The mechanism by which ERCs interfere with
G1/S-phase transcription thus awaits identification.

Whib accumulation contributes to age-associated
G1 delays

Our results show that Whi5 accumulates in mother cells
in an age-dependent manner and that high levels of the
protein contribute to the long G1 periods of the cell divi-
sions leading up to cell death. Deletion of WHI5 and other
genes controlling the expression of G1/S-phase genes,
such as CLN3 or BCK2, have been described previously
to affect life span (Yang et al. 2011). Because replicative
life span is inversely correlated to cell size at birth, Yang
et al. (2011) concluded that the life span change observed
in these mutants was caused by the altered cell size of
these mutants. Our data argue for a more direct role of
these mutations in regulating life span. The age-induced
rise in Whi5 levels and decline in CLN1/2 promoter activ-
ity increases the likelihood of cells to permanently arrest
in G1. Mutations that extend Gl, such as a deletion of
CLN3, will synergize with the age-induced buildup of
Whi5 and decrease in CLN1/2 promoter activity, leading
to G1 arrest after fewer cell divisions. The result is a de-
creased life span.

Akey question that remains to be addressed is why Whi5
accumulates in mother cells. Our data indicate that both
increased Whi5 expression in old cells and asymmetric
segregation of the protein contribute to this phenomenon.
Whi5 expression is increased in old mother cells because
as cells age, they delay in the cell cycle during which
Whi5 continues to be synthesized. How Whi5 is preferen-
tially retained in mother cells remains to be determined. It
is possible that ERCs contribute to the asymmetric segre-
gation of Whi5. This conclusion is based on the observa-
tion that during rejuvenating mitoses, the majority of
both ERCs and Whi5 are segregated to the daughter cell.

There are several possibilities whereby ERCs could pro-
mote Whi5 retention in the mother cell. As mentioned
earlier, each rDNA repeat contains putative SBF-binding
sites (Iyer et al. 2001). Perhaps when present at extremely



high levels, these binding sites recruit some SBF complex-
es and hence Whi5. Alternatively, Whi5 could be import-
ed more efficiently into nuclei with high levels of ERCs.
Nuclear pore complexes accumulate in old cells in an
ERC-dependent manner (Denoth-Lippuner et al. 2014),
providing a potential mechanism by which this could
occur.

A multipathway model for replicative aging
in budding yeast

ERC accumulation and the occurrence of age-induced
gene expression defects of G1/S-phase genes are tightly
linked. This perfect co-occurrence leads us to propose
that ERCs interfere with expression of these genes, al-
though we cannot exclude the possibility that ERCs also
promote aging through alternative mechanisms. ERC-me-
diated defects in G1/S-phase gene expression are further
augmented by the accumulation of Whi5 in old cells
(Fig. 7I). Together, they cause substantial defects in
G1/S-phase progression that leads to permanent G1 arrest
in 55% of old cells. The remaining 45% of old cells pro-
gress through the cell cycle, but defects in G1/S-phase pro-
gression and mitosis cause DNA replication and
segregation errors, respectively. The ensuing genome in-
stability ultimately leads to cell death. Whether and
how other aging phenotypes such as vacuolar and mito-
chondrial defects contribute to cell cycle lengthening
and eventual cell cycle arrest and cell death remain to
be determined.

While ERCs have not been found in senescing mamma-
lian cells, a failure to induce expression of G1/S-phase
genes and accumulation of cell cycle entry inhibitors are
key characteristics of mammalian cell senescence (Noda
et al. 1994; Narita et al. 2003). We propose that the ulti-
mate cause of age-induced cell cycle defects and cell
death—deregulation of the G1/S-phase transition—is fun-
damentally conserved across eukaryotes.

Materials and methods

Strains and plasmids used in this study are described in Supple-
mental Tables S1 and S2, respectively. All strains were derived
from W303. Standard PCR-based methods were used for mRNA
and protein tagging (Longtine et al. 1998; Janke et al. 2004).
Microfluidics setup, growth conditions, and fluorescence mi-
croscopy are described in detail in the Supplemental Material.
Purification of aged cells was performed as described in Unal
etal. (2011). Briefly, cells were thawed from —80°C stocks, plated
onto YEPG (2% glycerol) plates, grown for 24 h at 30°C,
restreaked on YEPD (2% glucose) plates, and grown for another
24 h. Cells were then grown in YEPD (2% glucose supplemented
with 0.055 mg/mL adenine, 0.8 mg/mL tryptophan) containing
100 pg/mL ampicillin to exponential phase. Cells were harvested
and labeled with 8 mg/mL biotin (Pierce Chemical) for 30 min at
4°C. Biotinylated cells were grown for 6 h to purify young cells
and for 12-14 h in YEPD at 25°C or 30°C to isolate middle-aged
cells. Cells were harvested and incubated with anti-biotin
microbeads (MACS, Miltenyi Biotechnology, 130-090-485) in
PBS/1% BSA for 15 min at 4°C, washed with PBS/1% BSA, and
applied to LS depletion magnetic columns (Miltenyi Biotechnol-
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ogy, 130-042-401). Isolated cells were resuspended in medium
and grown for an additional six to eight divisions, after which
cell sorting was repeated to isolate old cells. Depending on the ex-
periment, cells were either fixed in 4% formaldehyde for 5 min or
resuspended in medium to perform live-cell analysis. Old cells
were labeled with fluorophore-coupled streptavidin (Thermo
Fisher Scientific) and/or wheat germ agglutinin (Invitrogen) to
identify old cells and determine their age by counting bud scars.
Dyes were used at 1:1000 dilution, and incubations lasted for
15 min in medium or PBS. Purified young cells (four generations
old) were used as a young cell control for the analysis of induction
of CLN2-PP7 (Fig. 1E,G).

For rtDNA copy number quantification, purified aged cells were
collected by centrifugation, snap-frozen in liquid nitrogen, and
stored at —80°C. For DNA purification, cells were digested in
50 pg/mL zymoliase (MP Biomedicals, 8320932) for 30 min
(young) and 50 min (old) at 37°C. Complete digestion was con-
firmed by microscopic examination. Subsequently, cells were
lysed in 50 mM EDTA 0.6% SDS. Proteinase K (Roche,
3115879001) was added to a final concentration of 0.2 mg/mL,
and cells were incubated for 1 h at 65°C. Phenol:chloroform ex-
traction was performed, followed by chloroform extraction.
DNA was precipitated in 0.3 M sodium acetate (pH 5.2) and
50% isopropanol followed by a wash in 70% ethanol. Primers
for rtDNA (TTCGCCTAGACGCTCTCTTC and TGGCCTTTT
CATTGGATGTT) and the single-copy gene GAL1 (GCGCAAA
GGAATTACCAAGA and TACCAGGCGATCTAGCAACA)
were used to determine relative rDNA copy number using
SYBR Green (Fisher, TAKRRO81A) by quantitative PCR on a
Roche LightCycler 480 II system.
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